Introduction
============

The treatment of metastatic melanoma has progressed markedly in recent years due to the development of targeted therapies directed against (mutated) signaling proteins and immunotherapies such as monoclonal antibodies (mAb) specific for T-cell checkpoint molecules.[@R1]

Blockade of CTLA-4 by monoclonal antibodies can stimulate an anti-tumor immune response in preclinical models.[@R2]^-^[@R5] Two different anti-CTLA-4 antibodies have entered clinical trials, ipilimumab (Bristol-Myers Squibb) and tremelimumab (MedImmune). Ipilimumab was the first drug to lead to an improved overall survival in metastatic melanoma patients for 20 y.[@R6]^,^[@R7] Although clinical responses (disease stabilization or regression) are often long-lasting, they can take several months to develop and only occur in a small proportion of treated patients.[@R8]^-^[@R11] In detail, the phase III clinical trial data showed that ipilimumab induced tumor regression, as measured by RECIST criteria, in 11% of patients and disease stabilization in an additional 17.5%. The overall survival rate at 24 mo of follow up was 23.5% and long-term follow up from earlier phase 1 studies showed that responses were often sustained.[@R12] So far, no single predictive biomarker for a clinical response upon ipilimumab treatment has been identified. However, by comparing a small group of responders to non-responders it has recently been shown that melanomas having high baseline expression levels of immune-related genes, suggestive for immune cells infiltrating the tumor, are more likely to respond favorably to ipilimumab.[@R13]

Vemurafenib and dabrafenib are small molecule inhibitors selective for the tumor-driving BRAF^V600E^ mutation that is expressed in over 50% of the melanomas. The phase III clinical trial that evaluated vemurafenib showed that 48% of treated patients had a confirmed objective response and the median time to response was only 1.45 mo. However, these fast-developing responses are generally of short duration (progression free survival 5.3 mo), with almost all patients relapsing.[@R14]^,^[@R15] As expected, presence of the BRAF^V600E^ mutation is a prerequisite for a clinical response, but further mutation analyses showed that concurrent PTEN loss might reduce progression free survival.[@R16]^,^[@R17]

Based on the diametric properties of vemurafenib and ipilimumab with respect to response rate (resp. high and low), response duration (resp. short and long) and time to response onset (resp. short and long), it is thought that their combination will induce treatment synergy.[@R1]^,^[@R18] In line with this concept, a number of studies support the idea that chemo or targeted therapies can stimulate anti-tumor immune responses by various mechanisms.[@R19]^-^[@R24]

First, Hong et al. observed that several chemotherapies can induce expression of T--cell-attracting chemokines, leading to improved tumor control due to the recruitment of tumor-reactive immune cells.[@R22] Second, studies by Zitvogel and Kroemer have suggested that cell death induced by chemotherapy can result in DC activation and subsequent cross-priming of tumor antigen-specific T cells.[@R20]^,^[@R21]^,^[@R23] In addition to the potential of targeted therapy to induce such immunogenic cell death, the treatment often leads to oncogene inactivation which has been shown, in murine tumor models, to result in an increased recruitment of immune cells, in particular CD4^+^ T cells, to the tumor site.[@R24] Furthermore, this recruitment showed to be essential to obtain sustained tumor regression upon driver oncogene inactivation. Finally, Coussens and colleagues demonstrated that the modulation of the tumor microenvironment toward a favorable immune signature (presence of CD8^+^ T cells in the absence of tissue-associated macrophages) improves the effect of chemotherapy.[@R19] Overall these data suggest that anti-tumor immune responses can contribute to the effect of targeted or chemotherapies.

Notably, a number of studies suggest that therapy induced tumor cell death has the potential to synergize with CTLA-4 blockade. Specifically, in mouse models of melanoma and prostate carcinoma, destruction of tumor tissue (e.g., by radiofrequency ablation, cryotherapy or radiotherapy) improved the anti-tumor activity of anti-CTLA-4 mAb treatment.[@R25]^,^[@R26]

Vemurafenib and its chemical analog PLX4720 have been shown to induce cell death in melanomas.[@R14]^,^[@R27] Moreover, it has been demonstrated, in a small study population, that 15 d after starting BRAF inhibitor treatment the number of tumor-resident T cells was increased in a subgroup of patients.[@R28] Finally, in vitro studies demonstrated that PLX4720, in contrast to other targeted agents such as MEK or PI3 Kinase inhibitors, does not negatively affect T-cell function and may enhance surface expression of tumor associated antigens on melanoma cells.[@R29]^,^[@R30]

Collectively, the above data suggests that it will be attractive to explore a potential synergy between targeted therapies and immunotherapies. The advent of animal models harbouring mutations commonly found in human melanoma while being fully immuno-competent for the first time allows in vivo testing of combinations of targeted therapy such as MAP Kinase inhibition and immunotherapy, such as T-cell checkpoint blockade.[@R31]^,^[@R32] Therefore, we aimed in the here presented work to investigate whether BRAF^V600E^ inhibition can synergize with anti-CTLA-4 mAb treatment by focusing on the interaction between PLX4720 and the immune system. In detail, we used the C57BL6/J Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ inducible melanoma model to analyze the in vivo effect of selective BRAF inhibition on the presence of immune cells in the tumor and to determine whether the addition of anti-CTLA-4 mAb treatment improves tumor growth control.

Results
=======

Selective BRAF inhibition in vivo results in strongly decreased tumor cell proliferation, but not induction of cell death, in BRAF^V600E^/PTEN^−/−^ murine melanomas
--------------------------------------------------------------------------------------------------------------------------------------------------------------------

We have recently described the C57BL6/J Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ melanoma model.[@R32] In this inducible model, all mice develop, within one month after tumor induction, a rapidly growing tumor with histology similar to human spindle cell melanoma. These melanomas are not only deficient for the expression of PTEN, but also harbour the BRAF^V600E^ mutation, both genetic alterations commonly found in human melanoma.[@R33]^-^[@R36] We initially showed that treatment of tumor-bearing Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ melanoma model mice with the BRAF^V600E^ inhibitor PLX4720 led to a strong decrease in growth of melanomas, but did not induce tumor regression ([Fig. 1A](#F1){ref-type="fig"}).[@R32]

![**Figure 1.** Selective BRAF inhibition in vivo results in strongly decreased tumor cell proliferation, but not induction of cell death, in BRAF^V600E^/PTEN^−/−^ murine melanomas. (A) Four to ten weeks old Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice were induced on the flank and 31 d later, when average tumor size was 10 mm^2^, tumor-bearing mice were placed on PLX4720 or mock treatment. Tumor outgrowth was followed over time and tumor size in mm^2^ is plotted against time from tumor induction for PLX4720 treated (blue line, n = 10) and control chow treated animals (red line, n = 14). (B) Tumors were taken from Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice at distinct time points after start of PLX4720 treatment (day 0, 2, 7 and 14). Proliferation of tumor cells was measured by Ki67 immunohistochemistry. Tumor cell death was assessed by immunohistochemistry for active caspase-3 and by a TUNEL assay. Positive staining is displayed in red. (C) The percentage of Ki67-expressing tumor cells was scored into four categories and this quantification was graphically displayed (category 0 = 0%, category 1 ≥ 0--4,9%, category 2 = 5--9,9% and category 3 = 10% or more).](onci-1-609-g1){#F1}

Subsequently, we investigated whether the strong decrease in tumor outgrowth upon PLX4720 treatment resulted from an increased tumor cell death or a proliferation arrest of the tumor cells by analyzing melanomas from tumor-bearing C57BL/6J Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice at distinct time points after start of PLX4720 treatment (day 0, 2, 7 and 14). Immunohistochemical analysis showed that the expression of the proliferation marker Ki67 was strongly decreased in tumors already after two days of PLX4720 treatment. This decreased proliferation of tumor cells was sustained throughout the period of analysis, as shown in representative stainings ([Fig. 1B](#F1){ref-type="fig"}). Per time point, multiple independent tumors were histologically analyzed and blinded quantification of Ki67 expression showed a sustained decrease of proliferating cells in the tumor from 5--15% at baseline to 0--5% at day 2, 7 and 14 of treatment ([Fig. 1C](#F1){ref-type="fig"}). This finding demonstrates the essential role of BRAF^V600E^ in driving tumor cell proliferation in our model and is consistent with the strong decrease of tumor outgrowth in mice upon PLX4720 treatment.

The absence of tumor regression in melanoma-bearing mice suggested that extensive tumor cell death (necrosis or apoptosis) was not likely to be induced by PLX4720 treatment. Indeed, analysis of PLX4720 or mock treated tumors by immunohistochemistry for active caspase 3 and by a TUNEL assay did not demonstrate increased apoptosis (or necrosis) in treated melanomas ([Fig. 1B](#F1){ref-type="fig"}).

PLX4720 treatment leads to a decreased frequency of immune cells in BRAF^V600E^/PTEN^−/−^ melanomas
---------------------------------------------------------------------------------------------------

It has recently been shown that the presence of immune cells in the tumor microenvironment prior to anti-CTLA-4 mAb treatment is predictive for a clinical response.[@R13] To investigate the effect of targeting BRAF^V600E^ on tumor-resident immune cells, we determined by flow cytometry the relative frequencies of various immune cell populations in size-matched tumors from mice that were mock-treated or treated with PLX4720 for 2, 7, 14 or 21 d.

Surprisingly, BRAF^V600E^ inhibitor treatment led to a fast, substantial and sustained decrease of CD45^+^ leukocytes, from 9.7% (± 2.8) of all living cells in the tumor at baseline to 5.9% (± 1.6) and 2.7% (± 0.7) at respectively 2 and 21 d of treatment (resp. p = 0.0163 and p = 0.0001) ([Fig. 2A](#F2){ref-type="fig"}). In detail, the frequency of CD8^+^ and CD4^+^ T cells in the melanomas dropped during 21 d of treatment respectively from 1.3 (± 0.6) to 0.2% (± 0.1) and 4.9 (± 1.7) to 0.9% (± 0.5) (resp. p = 0.0017 and p = 0.0001). In general, a substantial part of the CD4^+^ T cells in the tumor consisted of regulatory T cells (Tregs) and in line with the other T-cell populations the frequency of this cell population decreased from 0.3 (± 0.1) to 0.07% (± 0.03) during treatment (p = 0.0006). The proportion of living cells in the tumor that were B220^+^CD19^+^ B-lymphocytes was only 0.25% (± 0.2) at baseline, but this frequency was not affected by the PLX4720 treatment. In addition, we observed a slight treatment-induced decrease in the frequency of NK-cells (1.0 (± 0.9) to 0.5% (± 0.2)), myeloid derived suppressor cells (MDSCs) \[2.9 (± 3.6) to 0.2% (± 0.08)\] and macrophages \[4.7 (± 3.5) to 0.8% (± 0.3)\]. In line with the observation that immune cell frequencies were reduced at the tumor site, tumors sustainably lost their erythematous and inflamed appearance upon PLX4720 treatment in the majority of cases as shown by pictures of a representative tumor at baseline and after 5, 14 and 35 d of PLX4720 treatment ([Fig. 2B](#F2){ref-type="fig"}).

![**Figure 2.** PLX4720 treatment leads to a decreased frequency of immune cells in BRAF^V600E^/PTEN^−/−^ melanomas and this cannot be restored by CTLA-4 blockade. (A) Tumor-bearing Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice were mock or PLX4720 treated for 2, 7, 14 or 21 d. Tumors were removed directly following euthanasia and single cell suspensions were analyzed by use of flow cytometry. Dead cells were removed from all analyses (except for intracellular stainings) by discarding propidium iodide positive cells. Leukocytes were defined as being CD45^+^ cells. CD4^+^, CD8^+^ and regulatory T cells were respectively defined as the CD4^+^CD8^-^, CD4^-^CD8^+^ or the CD4^+^CD25^+^FoxP3^+^ population. B cells were characterized by their expression of B220 and CD19 while NK-cells were distinguished by the expression of NK1.1 in the absence of CD4 or CD8 expression. Myeoloid derived suppressor cells (MDSCs) and macrophages were respectively defined as the CD11b^+^GR1^+^ or CD11b^+^F4/80^+^ cell population. The shown values represent the frequency of the assessed cell population as a percentage of all living cells in the single cell suspension of the tumor for individually analyzed mice. As the T reg population was distinguished by use of an intracellular stain the values in this plot are shown as a percentage of all cells in the tumor suspension. (B) A tumor from a Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mouse was placed on PLX4720 treatment and tumor appearance was followed photographically over time. Depicted is the tumor phenotype at start, day 5, day 14 and day 35 of PLX4720 treatment (C) Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice received a mock-treatment, PLX4720-treatment, anti-CTLA-4 mAb treatment (twice weekly for 6 weeks) or the combination of PLX4720 and CTLA-4 blockade treatment. The frequency of immune cells as a percentage of living cells in the tumor was assessed by flow cytometry as described for panel A.](onci-1-609-g2){#F2}

To investigate whether the decrease in frequency of tumor-resident T cells upon PLX4720 treatment was independent of the size of the tumor, we compared melanomas, which were on average 25 mm^2^, referred to as 'small' tumors, to larger tumors which were at least 60 mm^2^ in size when they were placed on PLX4720 treatment. In both cases, mice had been treated with PLX4720 or mock treated for at least 21 d. We found that for both small and large tumors PLX4720-treatment resulted in a substantial decrease in the frequency of tumor-resident T cells ([Fig. S1](#SUP1){ref-type="supplementary-material"}).

Selective BRAF inhibitor-mediated decrease in frequency of tumor-resident T cells cannot be restored by CTLA-4 blockade
-----------------------------------------------------------------------------------------------------------------------

To study treatment synergy between BRAF^V600E^ inhibition and CTLA-4 blockade, we investigated whether repetitive anti-CTLA-4 mAb injections could sustainably restore the decreased frequency of tumor-resident immune cells induced by PLX4720 treatment. We compared the frequency of immune cells, as the proportion of living cells in the tumor, in melanomas that were treated with PLX4720, anti-CTLA-4 mAb injections or a combination of these treatments ([Fig. 2C](#F2){ref-type="fig"}). Flow cytometric analyses showed that CTLA-4 blockade led to an increase in the frequency of CD45^+^ leukocytes compared with mock treated animals \[from 16.4 (± 9.3) to 26.6% (± 8.7)\]. In detail, tumor-resident T cells slightly increased from 1.5 (± 0.8) to 2.4% (± 1.8) for CD8^+^ T cells and 5.4 (± 2.7) to 6.3% (± 4.1) for CD4^+^ T cells, while the frequency of regulatory T cells remained unchanged \[0.34 (± 0.1) to 0.35% (± 0.28)\]. Furthermore, we observed that the addition of anti-CTLA-4 mAb treatment to PLX4720 treatment could not increase the reduced numbers of T cells in PLX4720 treated tumors \[from 0.5 (± 0.4) to 0.3% (± 0.2) and 1.0 (± 0.8) to 1.3% (± 0.6) for respectively CD8^+^ and CD4^+^ T cells\].

Reduced tumor immune cell frequencies upon selective BRAF inhibition correlates to the presence of the BRAF^V600E^ mutation in tumor cells
------------------------------------------------------------------------------------------------------------------------------------------

The reduced frequencies of tumor-resident immune cells upon PLX4720 treatment could be a consequence of the inhibition of BRAF^V600E^ in the melanoma cells or could result from an off-target effect of PLX4720 leading to loss of immune cells at the tumor site and possibly other organs. To investigate such a potential toxic effect of PLX4720 on T cells, we analyzed the frequencies of CD3^+^, CD4^+^ and CD8^+^ T cells in tumors, tumor draining lymph nodes (dLN), contralateral lymph nodes (cLN) and spleens from PLX4720 or mock-treated melanoma-bearing mice. While, once again, we found markedly reduced frequencies within the tumors upon PLX4720 treatment (data not shown), T-cell frequencies were not altered to such an extent in the lymphatic organs ([Fig. 3A](#F3){ref-type="fig"}). However, we did find a tendency toward decreased CD8^+^ T-cell proportions when exposing the mice to PLX4720. Overall, our findings are in line with in vitro data showing that PLX4720 does not hamper T-cell functioning.[@R29]

![**Figure 3.** Reduced tumor immune cell frequencies upon selective BRAF inhibition depends on the presence of the BRAF^V600E^ mutation in tumor cells. (A) Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice received for at least 21 d a mock-treatment, PLX4720-treatment, anti-CTLA-4 mAb treatment (twice weekly for 6 weeks) or the combination of PLX4720 and CTLA-4 blockade treatment. Then the draining lymph node (dLN), contralateral lymph node (cLN) and spleen were removed directly following euthanasia and single cell suspensions were analyzed by use of flow cytometry as described for [Figure 2A](#F2){ref-type="fig"}. (B) Nine week old male C57BL/6J mice were subcutaneously inoculated with 1x10^6^ B16F10 cells in the shaven right flank. Four days after tumor inoculation mice were placed on PLX4720 or mock treatment and were subsequently sacrificed when tumors were at least 100 mm^2^ (500 mg) which was generally 10 to 21 d after tumor inoculation. The frequency of immune cells as a percentage of living cells in the tumor was assessed by flow cytometry as described for [Figure 2A](#F2){ref-type="fig"}.](onci-1-609-g3){#F3}

To evaluate whether the decreased frequency of tumor-resident immune cells upon PLX4720 treatment depends on the inhibition of BRAF^V600E^ in the melanoma cells, we compared immune infiltrates in mock or PLX4720 treated BRAF wild-type tumors. As B16F10 melanoma cells express wild-type BRAF, these tumor cells cannot be affected by a blockade of BRAF^V600E^.[@R37] Importantly, the comparison of size-matched B16F10 tumors that were either PLX4720 or mock treated demonstrated no differences in the frequency of T cells, B cells, NK cells, MDSCs or macrophages ([Fig. 3B](#F3){ref-type="fig"}). These data imply that the effect of PLX4720 on tumor immune cell frequencies is not resulting from a direct toxic effect on immune cells and correlates to the presence of BRAF^V600E^ in tumor cells.

Interestingly, we observed that B16F10 tumors that were treated with PLX4720 displayed a much higher growth rate than mock-treated tumors. In detail, 10 d after inoculation mock-treated tumors weighted 0.16 (± 0.07) grams while PLX4720 tumors weighted 0.30 (± 0.11) grams (p = 0.0032) ([Fig. S2](#SUP1){ref-type="supplementary-material"}). This observation is in line with reported studies showing that BRAF^V600E^ inhibition can lead to paradoxical MAP Kinase pathway activation, and subsequent proliferation, in BRAF wild-type tumor cells, suggesting that vemurafenib treatment may facilitate growth of BRAF wild-type tumors.[@R38]^,^[@R39]

Addition of anti-CTLA-4 mAb treatment to PLX4720 treatment does not further improve tumor growth control
--------------------------------------------------------------------------------------------------------

In this study we observed that PLX4720 treatment of BRAF^V600E^/PTEN^−/−^ melanomas did not lead to the induction of tumor cell death, but resulted in a decreased frequency of immune cells in the melanomas that could not be restored by repetitive anti-CTLA-4 mAb injections. These findings raised the question whether, despite the effect of PLX4720 treatment on tumor-resident immune cell frequencies, CTLA-4 blockade could still synergize with PLX4720 treatment in terms of tumor growth control. To address this question we compared the effect of CTLA-4 blockade combined with a tumor-vaccine on outgrowth of the B16F10 tumor to the effect of CTLA-4 blockade combined with PLX4720 on tumor outgrowth in the inducible melanoma mice.

To determine the effect of CTLA-4 blockade on B16F10 tumors, C57BL/6J mice were inoculated with 1x10^4^ B16F10 cells in the flank. Then, at day 0, 3 and 6 mice were subcutaneously vaccinated with irradiated, GM-CSF expressing, B16F10 cells (Gvax-vaccination) and indicated cohorts also received intraperitoneal injections with anti-CTLA-4 mAb clone 9H10 (hamster-derived) or clone 9D9 (mouse-derived). Kaplan Meijer analyses of the B16F10 tumor-bearing mice demonstrated that Gvax-vaccination extended the survival duration of the C57BL/6J mice and that additional treatment with anti-CTLA-4 mAb clone 9D9 or 9H10 further improved their overall survival (p \< 0.001) ([Fig. 4A](#F4){ref-type="fig"}). In accordance to previous data, these findings demonstrate that anti-CTLA-4 mAb treatment synergizes with the tumor-antigen rich Gvax-vaccination.[@R2]

![**Figure 4.** Addition of anti-CTLA-4 mAb treatment to PLX4720 treatment does not further improve tumor growth control, while it does when combined with Gvax-vaccination. (A) Nine week old female C57BL/6J mice were subcutaneously inoculated with 1x10^4^ B16F10 cells in the shaven right flank at day 0. At day 0, 3 and 6 indicated mice received a subcutaneous injection in the contralateral flank with 150 Gray irradiated 1x10^6^ GMCSF-expressing B16F10 cells (Gvax group, green line, n = 14) combined with intraperitoneal injections of 200 μg hamster-derived anti-CTLA-4 mAb clone 9H10 (blue line, n = 15) or 100 μg mouse-derived anti-CTLA-4 mAb clone 9D9 (purple line, n = 15). Tumor growth was followed over time by caliper measures and mice were sacrificed when tumors exceeded a 150 mm^2^ size or ulcerated. The survival of the different treatment groups was compared with that of mock treated mice (red line, n = 16) and depicted in a survival graph. (B) 4--10 week old Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice were induced on the flank and 31 d later, when average tumor size was 10 mm^2^, tumor-bearing mice were placed on mock treatment (red line, n = 11), PLX4720 treatment (dark blue line, n = 16), anti-CTLA-4 mAb clone 9H10 treatment (dark green line, n = 11) or PLX4720-treatment combined with either anti-CTLA-4 mAb clone 9H10 (light green line, n = 12) or clone 9D9 (light blue line, n = 8). Tumor growth was followed in two dimensions and graphed over time. (C) Survival of the mice described in [Figure 4B](#F4){ref-type="fig"} was graphed over time.](onci-1-609-g4){#F4}

In parallel we assessed the effect of combined anti-CTLA-4 mAb and PLX4720 treatment in tumor-bearing C57BL/6J Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice. Mice were treated with PLX4720, injections of anti-CTLA-4 mAb clone 9H10 or clone 9D9 or the combination of PLX4720 with either of these antibodies. Subsequently, tumor outgrowth was followed over time and mice were sacrificed when the tumor ulcerated or exceeded a 150 mm^2^ size. When analyzing tumor growth in the melanoma model mice we observed that PLX4720 treatment led, as expected, to a strong decrease in tumor outgrowth which extended the survival of the mice ([Figs. 4B,C](#F4){ref-type="fig"}, dark blue line). However, addition of anti-CTLA-4 mAb treatment (either clone 9H10 or 9D9) could not further reduce tumor growth (bright green and bright blue lines). Therefore we conclude that in contrast to the setting in which CTLA-4 blockade was combined with Gvax-vaccination, the combination of PLX4720 and anti-CTLA-4 mAb treatment did not result in any detectable treatment synergy.

Discussion
==========

Potential mechanisms by which PLX4720 treatment leads to reduced frequencies of immune cells in BRAF^V600E^/PTEN^−/−^ melanomas
-------------------------------------------------------------------------------------------------------------------------------

Following the three positive phase III trials for ipilimumab and vemurafenib, the clinical evaluation of the combination of these two drugs forms a logical next step.[@R6]^,^[@R7]^,^[@R15] The C57BL6/J Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ inducible melanoma model is the first transgenic mouse model in which this specific treatment combination can be tested in vivo. Using this mouse model, we observed that PLX4720 treatment led to a decreased frequency of tumor-resident T cells, NK cells, MDSCs and macrophages, which could not be restored by the addition of anti-CTLA-4 mAb treatment. Furthermore, anti-CTLA-4 mAb treatment did not further increase the anti-tumor effect of PLX4720 while CTLA-4 blockade did improve the effect of tumor-vaccination in B16F10 inoculated mice.

Although we observed a decreased frequency of tumor-resident immune cells in BRAF^V600E^/PTEN^−/−^ melanomas, the frequency of the immune cell populations was comparable in mock and PLX4720 treated B16F10-tumors that are wild-type for BRAF. Therefore, we conclude that the decreased frequency of immune cells in tumors upon PLX4720 treatment did not result from an off-target effect of PLX4720 on immune cells and correlated with the inhibition of BRAF^V600E^ in melanoma cells. BRAF^V600E^ inhibition in tumor cells could potentially affect tumor-resident immune cell frequencies in two ways. First, blockade of BRAF^V600E^ signaling might interfere with immune cell trafficking by directly reducing or altering the chemokine expression of the tumor cells. Hong et al. recently described an alteration of chemokine expression upon treatment with specific types of chemotherapy, but in that study the changed chemokine pattern resulted in the attraction of immune cells.[@R22] Second, PLX4720 treatment of BRAF^V600E^/PTEN^−/−^ melanomas leads to a strong decrease of tumor cell proliferation in the absence of cell death induction, as was demonstrated in this study. This decreased proliferation of tumor cells is likely to result in decreased stromal changes and, supported by the lack of cell death, reduced expression of inflammatory molecules in the tumor microenvironment, which may thereby lead to lower immune cell frequencies in the tumor.

Absence of cell death induction by BRAF^V600E^ inhibitor treatment
------------------------------------------------------------------

The absence of cell death induction upon BRAF^V600E^ inhibitor treatment may not only play a role in the reduced frequency of tumor-resident immune cells, but, as a result, is likely to also contribute to the lack of treatment synergy when PLX4720 is combined with anti-CTLA-4 mAb treatment. It has been shown in different mouse models that CTLA-4 blockade is most effective in decreasing tumor outgrowth in settings in which an antigen rich environment is provided, for example by vaccination or the induction of tumor cell death.[@R2]^,^[@R25]^,^[@R26] As the blockade of BRAF^V600E^ did not lead to tumor cell apoptosis or necrosis, such an antigen rich environment was not likely to be present in the BRAF^V600E^/PTEN^−/−^ melanomas. This potentially contributed to the lack of the synergystic effect from anti-CTLA-4 mAb injections. In support of this notion, we did observe treatment synergy when combining CTLA-4 blockade with Gvax-vaccination in the B16F10 tumor model.

Possibly the additional PTEN-deficiency of the tumor cells plays an important role in inhibiting cell death induction upon PLX4720 treatment. In line with this idea, Paraiso et al. recently demonstrated that human BRAF^V600E^/PTEN-deficient melanoma cell lines showed limited cell death after PLX4720 treatment.[@R40] Moreover, Xing et al. recently published that concurrent mutational inactivation of PTEN is a mechanism for loss of BRAF dependence in melanomas harbouring the BRAF^V600E^ mutation, indicating that this mutational profile will be less sensitive for BRAF^V600E^ inhibitor treatment.[@R41]

Human studies concerning BRAF^V600E^ inhibitor treatment and tumor-resident immune cells
----------------------------------------------------------------------------------------

Although data concerning the effect of BRAF^V600E^ inhibitor treatment on immune cell frequency in human melanoma is limited, Wilmott and Long et al. recently studied T-cell numbers in a small set of metastasized melanomas prior to BRAF inhibitor treatment, 3--15 d after start of treatment and in tumors which progressed on treatment.[@R28] In contrast to the reduced frequency of tumor-resident immune cells in the BRAF^V600E^/PTEN^−/−^ murine melanomas, the study demonstrated increased T-cell frequencies in tumors after one week of treatment. These numbers dropped again to baseline-levels when tumors progressed. Unfortunately, the melanomas in this study were only profiled for their BRAF mutations and therefore it is unknown which proportion of these patients had a PTEN-deficient tumor. However, those melanomas which showed only a very low level of necrosis upon BRAF inhibitor treatment, resembling the growth control pattern of the murine BRAF^V600E^/PTEN^−/−^ melanomas, had a far less pronounced increase of CD8^+^ and CD4^+^ T cells upon treatment. This suggests that, in accordance to our data, the induction of cell death plays an important role in the presence of immune cells in the tumor. It would be of interest to analyze, in larger patient cohorts, whether patients with BRAF^V600E^/PTEN-deficient melanomas indeed have decreased frequencies of T cells in their tumors upon selective BRAF inhibition as this could then be used a predictive biomarker for combination treatment.

Considering the rapid development of different treatments for metastasized melanoma, there has been great interest lately in the combination of targeted therapies with immune active compounds. For instance, the first Phase I/II study in which ipilimumab and vemurafenib are synchronously combined has recently started. A number of studies support the idea that chemotherapy or targeted therapy can stimulate anti-tumor immune responses by various mechanisms.[@R19]^-^[@R24] However, our study demonstrates that BRAF^V600E^ inhibitor treatment could be different and can lead to a reduced frequency of tumor-resident immune cells. Therefore, the use of vemurafenib could potentially hamper an anti-tumor immune response for some patients and in these cases the combination with anti-CTLA-4 mAb treatments may be ineffective. On a more general note, the data described here indicate that the potential effect of targeted therapy on the tumor microenvironment should be taken into consideration in the design of targeted and immunotherapy combination treatments.

Materials and Methods
=====================

Ethical statement
-----------------

All described animal experiments were ethically approved by the Animal Experimentation Committee of the Netherlands Cancer Institute. Mice were treated in accordance with the Dutch law on animal experimentation.

Immunohistochemistry
--------------------

The immunohistochemical staining of the formalin-fixed paraffin-embedded tissue samples was performed as described previously.[@R42] To stain for Ki67 and presence of active caspase-3 we used anti-Ki67 (Monosan, PSX1028) or anti-caspase-3 (Cell Signaling Technology, 9661L) as primary antibodies. Romulin AEC (Biocare Medical, RAEC810L) was used according to the manufacturers' instructions to visualize positive staining, followed by a hematoxylin counterstain. The percentage of positive tumor cells was scored blindly using a light microscope. Microscopic images were acquired in the Zeiss Axiovision software by using the Zeiss Axiovert S 100 microscope and Zeiss color Axiocam.

Melanoma induction and growth analysis
--------------------------------------

Tumors were induced on the skin of the melanoma model mice as previously described.[@R31]^,^[@R32] For three consecutive days, 2 μl of 5 mM 4-hydroxytamoxifen (4-HT) (Sigma-Aldrich, H6278) in pure DMSO (Sigma-Aldrich, 276855) was topically applied for 5 min to the shaven right flank of 4--10 week old mice. The tumor outgrowth was followed twice weekly by digital photographing of the tumor including a size reference. Tumor size was then analyzed in two dimensions using the ImageJ software (developed by National Institutes of Health, USA).

B16 tumor inoculation
---------------------

B16F10 cells were cultured in IMDM (Invitrogen, 21980) medium supplemented with 10% heat-inactivated Fetal Bovine Serum (Sigma-Aldrich), 100 U/ml Penicillin and 100 μg/ml Streptomycin (Roche, 11074440001). After trypsinization, cells were washed twice in Hanks Balanced Salt Solution (HBSS) (Invitrogen, 14175). Then, nine week old male or female C57BL/6J mice were subcutaneously injected in the shaven right flank with the indicated amount (1x10^6^ or 1x10^4^) of B16F10 cells in 100 μl HBSS. Tumor growth was followed over time by caliper measurements and mice were sacrificed when tumors exceeded a 150 mm^2^ size or ulcerated.

Flow cytometric analysis of immune populations in tumors
--------------------------------------------------------

Tumors, lymph nodes or spleens were removed from the animals directly after euthanasia. Subsequently, single cell suspensions from the collected tumor tissues were obtained by continuous slicing of the tumor followed by pressing the material through a 70 µm filter (BD Biosciences, 352350). The obtained single cell suspension was then stained with fluorochrome labeled antibodies (BD Biosciences). The following fluorochrome labeled antibodies were used to stain various cell populations: anti-CD3 clone 17A2, anti-CD4 clone GK1.5, anti-CD8 clone 53--6.7, anti-NK1.1 clone PK136, anti-CD11b clone M1/70, anti-B220 clone RA3--6B2, anti-CD19 clone 1D3, anti-Gr-1 clone RB6--8C5, anti-F4/80 clone BM8, anti-FoxP3 clone FJK-165, anti-CD25 clone PC61 and anti-CD45 clone 104. Intracellular staining of the FoxP3 molecule was performed according to the manufacturers' protocol (eBioscience, 77--5775--40). Dead cells were excluded from the analysis by addition of propidium iodide (eBioscience, 00--6990--50) during the sample acquisition. Samples were acquired on a FACSCalibur (BD Biosciences) and analyzed using the FlowJo software (Tree Star Inc.).

PLX4720 treatment of tumor-bearing mice
---------------------------------------

For PLX4720 treatment mice were switched to either a chow diet containing 417 mg/kg PLX4720 (treatment arm) or the control chow containing no compound (control arm) which were both provided by Plexxikon. On average the food dosing is similar to a daily 50 mg/kg dosing by oral gavage.

Anti-CTLA-4 mAb treatment
-------------------------

Mice were injected intraperitoneal with the anti-CTLA-4 mAbs dissolved in HBSS. Dosing per injection was 200 μg for the hamster-derived anti-CTLA-4 mAb clone 9H10 (BioXcell, BE0131) and 100 μg for the mouse-derived anti-CTLA-4 mAb clone 9D9 (BioXcell, BE0164). When anti-CTLA-4 mAb treatment was combined with Gvax vaccination, mice received injections at day 0, 3 and 6 after B16F10 tumor inoculation. When treating Tyr::CreER^T2^PTEN^F−/−^BRAF^F-V600E/+^ mice, mice received antibody injections twice a week for 6 weeks.

Gvax treatment
--------------

B16F10 cells genetically modified to express GM-CSF (kindly provided by T. van Hall, LUMC, the Netherlands) were cultured in IMDM medium supplemented with 10% heat-inactivated Fetal Bovine Serum (Sigma-Aldrich), 100 U/ml Penicillin and 100 μg/ml Streptomycin (Roche). At day 0, 3 and 6 after B16F10 tumor inoculation mice received a subcutaneous injection in the contralateral flank from the tumor containing 150 Gray irradiated 1x10^6^ GMCSF-expressing B16F10 cells.
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mAb

:   mononclonal antibody

MDSCs

:   myeloid derived suppressor cells

dLN

:   tumor draining lymph node

cLN

:   contralateral lymph node
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